Abstract-Reliable and robust balancing controllers are key elements of whole-body control frameworks for humanoid robots. Passivity-based balancing controllers have been proposed and tested successfully in various scenarios involving different types of ground surfaces. This letter extends the passivity considerations for covering not only the robot and the controller but also the ground floor in order to guarantee an appropriate behavior, even when the underlying ground surface is not stable. The proposed extension is validated with experiments using the humanoid robot TOrque-controlled humanoid RObot (TORO).
I. INTRODUCTION
H UMANOID robots can potentially be used in a large variety of tasks that are repetitive, risky, or physically demanding for humans. Typical examples can be found in the fields of mining, industrial manufacturing, disaster scenarios, or the exploration of unknown environments. To achieve a decent performance, the robot needs to move with sufficient robustness and agility to be able to climb stairs or industrial ladders, move through confined spaces, and traverse terrains cluttered with obstacles or debris. This calls for the ability to traverse and balance compliantly and robustly, even on surfaces with unknown and widely variant static and dynamic characteristics.
Whole-body control frameworks, which are able to exploit the capabilities of redundant robots to fulfill multiple tasks, rely on balancing controllers to guarantee the stability of the robot. Common methods for controlling the balance in robots with multiple Degrees of Freedom (DoF) solve the inverse kinematics or inverse dynamics problem. For example, a prioritized multitasking controller was presented in [1] using the concept of Wessling, Germany (e-mail:, bernd.henze@dlr.de; ribin.balachandran@dlr.de; maximo.roa@dlr.de; christian.ott@dlr.de).
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Digital Object Identifier 10.1109/LRA.2018.2853266 virtual linkage to parametrize internal forces and the resultant wrench at the Center of Mass (CoM). In [2] , the inverse dynamics problem is solved by using orthogonal decomposition. A similar approach has been proposed to minimize constraint forces [3] . In [4] , the Center of Pressure (CoP) at each foot is controlled via an optimization formulation. Joint torques can be computed through a dynamic balance force controller by prescribing a desired CoM trajectory and several task wrenches [5] .
A hierarchical approach to solve the inverse dynamics was proposed and experimentally demonstrated in [6] . Preview control can also be used to generate CoM trajectories, which are then tracked by a task-based controller [7] . Passivity-based approaches have also been used for controlling redundant robots, avoiding the need for solving inverse dynamics to deal with the balancing problem [8] . An initial proposal for compliant balancing was reported in [9] by computing suitable ground reaction forces, which are then mapped to joint torques. This controller was extended in [10] by adding orientation control and exploiting structural similarities between balancing and grasping. The addition of feed-forward control in [11] leads to a closed-loop system with a structure similar to classical PD+ control [12] . This passivity-based framework has also been combined with hierarchical whole-body control [13] , [14] , allowing the robot to handle multiple contacts while fulfilling multiple control objectives [15] . More recently, this hierarchical framework was extended to allow the robot to balance with contacts scattered all over the robot's body (e.g., knees, elbows), in addition to feet and hands [16] .
Most of these works assume that the ground floor is static, or that the dynamics of the floor is known (e.g., [1] - [3] , [6] ). But in order to operate the robot on a large variety of floors, we exploit the concept of passivity to make as few assumptions as possible on the ground floor: In general, any naturally occurring ground floor can be assumed to be passive. By designing the controller such that the combination of floor, robot, and controller is passive as well implies a certain robustness against external disturbances. Besides the aspect of robustness, it was recently shown that for every active controller an environment can be found which destabilizes the combined system, even if the environment is required to be passive [17] . This again emphasizes the need for balancing controllers that ensure the passivity of the combined system.
In our previous work [11] , we showed the passivity of our balancing controller under the assumption of a static ground surface. As a bi-product, we also demonstrated the balancing capabilities on a deformable ground surface, though the passivity of the controller was not specifically formalized in this particular scenario. This work extends [11] by modifying the controller such that the combination of floor, robot, and controller is passive even if the floor surface is movable and deformable. The ground floor is only assumed to be passive itself and stiff enough to carry the weight of the robot. In order to passivate the combined system, we apply the passivity observer-passivity control (PO-PC) approach presented in [18] . Passivation is made less conservative by employing the concept of energy tanks [19] . The results of three experiments are used to examine the unique characteristics of the presented control method. For instance, the third experiment (see Section VII-C) shows a scenario in which our controller from [11] is on the verge of stability, while the controller with the proposed modifications successfully balances the robot.
The letter is structured as follows: Section II presents the dynamic model used for deriving the controller. Section III gives an introductory example to motivate the basic concept of the controller. Section IV reviews our control approach presented in [11] , which is then modified in Section V. The use of energy tanks is proposed in Section VI as an additional extension of Section V. Experimental validation is presented in Section VII, followed by a discussion in Section VIII about the characteristics of the proposed control approach. Section IX concludes the letter.
II. DYNAMIC MODEL
The problem of multi-contact-balancing requires the ability to handle an arbitrary number of contacts with the environment to support the weight of the robot. A floating-base description of the robot is employed to facilitate dealing with contact transitions or relocations. As the hip and trunk represent central links of the robot body, one of them is usually selected as the base link. As proposed in [9] , the CoM can also be used as the base link for legged robots, since the location of the CoM is crucial for balancing. This work reuses the notation of [15] by defining a frame C located at the CoM with the same orientation as the hip of the robot. Let the location and orientation of the frame C with respect to the world frame be given by the position vector x c ∈ R 3 and the rotation matrix R c ∈ SO (3) , and letẋ c and ω c be the corresponding translational and rotational velocities. Based on the n joint angles q ∈ R n and v c = (ẋ
T , the dynamics of the humanoid robot is given by
where M ∈ R (6+n)×(6+n) and C ∈ R (6+n)×(6+n) denote the inertia and Coriolis/centrifugal matrix, respectively. The gravi- tational influence is included in g ∈ R 6+n , which contains the gravitational acceleration g 0 ∈ R 6 and the total mass m of the robot 1 . The joint torques are given by τ ∈ R n . The influence of external forces and torques is represented by the generalized force vector τ ext ∈ R 6+n . Let us divide the end-effectors into two groups. The ψ end-effectors that are in contact with the environment and used to support the robot will be referred to as "balancing endeffectors". The remaining end-effectors will be called "interaction end-effectors" because they can be used to perform a potential manipulation task. The velocities of the end-effectors in Cartesian space are given by
Here, the adjoint matrices of the balancing and the interaction end-effectors are stacked into Ad bal ∈ R 6ψ×6 and Ad int ∈ R 6( −ψ)×6 , which can be combined into Ad ∈ R 6 ×6 . Analogously, J bal ∈ R ψ×n , and J int ∈ R 6( −ψ)×n contain the stacked Jacobian matrices of the end-effectors, which are combined into J ∈ R 6 ×n . If all external disturbances act solely at the end-effectors, τ ext becomes
with F ext ∈ R 6 denoting the external end-effector wrenches.
III. CONCEPT OF THE CONTROLLER
Let us motivate the basic control strategy with the simplified example shown in Fig. 2(a) , in which the robot is standing with both feet on a moving platform. Using the compliant balancing controller from [11] , the location and orientation of the CoM frame C and the interaction end-effectors (the hands in this case) are stabilized by several Cartesian compliances with respect to the world frame W. The controller uses the balancing endeffectors (feet) to generate contact wrenches F bal suitable for supporting the robot.
Let us first consider a case where the floor is moving upward: To keep a constant height for CoM and hands, the robot must retract the legs. The power given by the generated contact wrenches F bal and the ground velocity v bal is F T bal v bal ≥ 0, which means that the controller drains energy from the robot and dissipates it.
If the ground floor is moving downwards, the robot must extend its legs to maintain constant height of the CoM and hands. The power flow is given by F T bal v bal ≤ 0, which means that the controller injects energy into the robot. But, as the CoM and the hands remain stationary, this power cannot come from the compliances. Therefore, the controller must contain an active element that generates power. To enforce the passivity of the closed-loop system (floor + robot + controller), we propose the following control strategy: If the controller is about to become active (F T bal v bal < 0), the robot shall follow the motion of the platform by moving the setpoints for CoM and hands with the velocity of the ground floor, as a person does riding an elevator. As the legs cannot extend in this situation, the controller cannot inject energy into the robot, therefore the closedloop system remains passive. If the controller is dissipative anyway (F T bal v bal ≥ 0), the dissipated power shall be used to move the setpoints of the CoM and the hands back into their initial configuration.
IV. BALANCING CONTROLLER
This section reformulates our compliant balancing controller from [11] in preparation for the passivation introduced in Section V. An overview of the wrenches involved is given in Fig. 2(b) . The controller makes use of a Cartesian compliance that stabilizes the CoM frame C relative to the desired position x c,d ∈ R 3 and orientation R c,d ∈ SO(3) specified in world frame. This compliance consists of a positive definite potential function V c (x c , x c,d , R c , R c,d ) ∈ R that resembles a Cartesian stiffness as detailed in [11] , and a positive definite damping matrix D c ∈ R 6×6 . The wrench generated by the potential function is determined by the differential ∇V c ∈ R 6 , with an associated
denotes the desired velocity of the setpoint. The wrench generated by the compliance is given by
By inserting (4) into the expression forV c , the power balance is obtained aṡ
withV c andV c denoting the power transferred via the ports due to the motion of the CoM and the setpoint. The dissipated power is denoted byV c . Analogously, the Cartesian compliance for the interaction end-effectors is defined based on a positive definite potential V int ∈ R, which consists of several Cartesian stiffnesses, and on a positive definite damping matrix D int ∈ R 6×6 , yielding
anḋ
V int .
(7) As detailed in [11] , the balancing wrenches required for supporting the robot are computed by solving the following quadratic optimization problem (8) with respect to
and
Here, Q denotes a positive definite weighting matrix and F def bal a default wrench distribution. The equality constraint (9) represents the underactuation of the base, which enforces that all end-effector wrenches sum up to the wrench of the CoM compliance plus gravity compensation. The contact model is given by the inequality constraints (10), which account for unilaterality, friction and the Center of Pressure (CoP) of each contact. Let f k,{x/y/z} denote the forces in x-, y-, and z-direction of the k-th contact extracted from F opt bal . The force f k,z perpendicular to the contact surface is bounded by a minimum contact force f min k,z , and the tangential forces f k,x/y are related to f k,z via the friction coefficientμ. Furthermore, the CoP p k of the k-th contact computed from F opt bal is constrained to lie within the contact area S k .
As the robot might be operated in partially or totally unknown environments, the assumed contact model (10) might not be able to completely prevent slippage or other slight motions of the contacts relative to the ground surface. In [11] , we addressed this issue by proposing a Cartesian compliance for each balancing end-effector, which is identical to the compliances for the interaction end-effectors (6) . But as this involves a non-minimal parameterization of the relative motion of the contacts, analyzing passivity becomes quite cumbersome. Instead, we propose to use a relative compliance based on a minimal set of coordinates as e.g., provided by the concept of virtual linkage [20] . There, a matrix E is used to project internal wrenches to the contacts. 2 Note that internal contact wrenches operate in the null space of the wrench distribution; therefore, Ad T bal E T = 0 holds by design. Let F RM be a compliance based on the set of coordinates of virtual linkage in order to stabilize the relative motion of the balancing end-effectors:
The potential V RM ∈ R is positive definite and a function of the coordinates of the virtual links. Damping here is represented by the positive definite matrices D RM andD RM . The first one represents a constant default damping term, while the second one is varied in Section V to ensure passivity. The power balance can then be calculated aṡ
Using the matrix E, the commanded end-effector wrenches are given by
The wrenches at the balancing end-effectors are the wrenches, computed by the optimization F opt bal based on (8) to (10) for supporting the robot, plus the wrenches of the relative compliance F RM stabilizing the relative motion of the contacts. By adding Ad (9), indicating that the relative compliance does not contribute to the overall wrench at the CoM, the underactuation property can be rewritten into a more compact form:
Finally, the commanded end-effector wrenches are mapped via
to the control torques τ , motivated by inserting (14) into (1) and then comparing with (3) (see [11] for details).
V. PASSIVITY ANALYSIS AND CONTROL
This section analyzes the energy flow within the controller and proposes a method to ensure the passivity of the combined system consisting of the robot, the ground surface, and the controller. The overall energy stored in the controller is given by
with the gravity-compensation potential
andV
Note that V g is not the physical gravitational potential but a fictitious potential the controller uses to generate gravity compensation. Since the controller is supposed to move the CoM in conjunction with the ground floor, as motivated by Section III, this potential is not defined with respect to the stationary world frame but instead is defined with respect to the moving set point of the CoM. Calculating the time derivative of (16) leads tȯ
3 Note that raising the CoM involves a power flow from V g , which is inside the controller, into the robot.
which gathers the power due to a motion of the robot (V ), the motion of the setpoints (V ), and due to damping (V ).
Substituting (5), (7), (12), (18), and (14) into (20) yieldṡ
Exploiting (2), (13), and (15),V results iṅ
As a result,V equals the power −q T τ exchanged with the robot 4 plus the term P = −v T bal F opt bal . The latter term represents a potentially active element inside the controller if the balancing contacts move with respect to the world frame W. As we assumed v bal = 0 in [11] , this term was irrelevant to the passivity analysis presented in [11] . Here, we deliberately assume that the contacts can move, which invites the possibility of usingV anḋ V by moving the setpoints and adapting damping parameters to compensate for the activity introduced by P.
Let us first divide F opt bal into internal wrenches and wrenches contributing to the overall wrench at the CoM by [20] . The positive definite weighting matrix W specifies what portion of F opt bal is considered as contributing to the overall wrench and what portion is an internal wrench. The logical choice is to choose W equal to the weights Q of the wrench distribution (9) . This allows us to split the activity introduced by P,
into parts caused by the group motion P GM and parts caused by the relative motion P RM of the balancing contacts. In order to compensate for P GM , we propose to useV by moving the setpoints of the CoM and the interaction end-effectors appropriately. In general, one can decide to move either the CoM or the interaction end-effectors individually, or both simultaneously. For simplicity, we propose to move the CoM and the interaction end-effectors in a coordinated manner, as if they were connected by a single rigid body. Incorporating this condition with v int,d = Ad int v c,d into (21) and considering (14) yieldsV
In order to compensate for P GM , one has to choose
which leads to the condition
to ensure passivity of the group motion. Note that the expression Ad + bal v bal can be interpreted as a weighted mean value of the contact velocities. If P GM > 0 then the controller moves the setpoints at the computed mean velocity of the ground floor to restore passivity, as motivated in Section III. If P GM ≤ 0, there is no need for moving the setpoints. But if the setpoints had been moved before, the controller can use P GM to bring the setpoints back to their initial configuration. For this, a measure d ∈ R 6 of the distance between the CoM setpoint and its initial configuration is introduced. The setpoints are only moved if the motion decreases the distance d. Otherwise, the power P GM is dissipated without moving the setpoints.
In order to compensate for P RM , the damping matrixD RM is used via (22) :
to compensate for the activity of P GM . In order to analyze the passivity of the closed-loop system, we must consider
which accounts for the storage function of the robot V rob and the floor V floor (H bal,k ), which is a function of the homogeneous transformations of the balancing contacts. An obvious requirement to stabilize the robot on a movable surface is the assumption that the environment can support the robot's weight. This is formalized with the condition
with the scalar κ > 0. This condition is subject to the constraint U, which limits the maximum distance between the balancing end-effectors and the CoM to be within the kinematic limits of the robot. Under this assumption the complete potential function V tot is bounded from below and qualifies as a candidate storage function for the passivity analysis. Based on the assumption that the ground floor and the robot are passive systems, and considering the compensation for the activity P within the controller, one can conclude that the overall system is also passive.
VI. ENERGY TANKS
The method proposed in Section V ensures the passivity of the closed-loop system at every time step. In order to be less conservative, we propose to use an energy tank that allows the controller to become active for a short period of time, as long as the same amount of energy is dissipated afterwards. Let us first consider the power P GM involved in the group motion of the feet. We propose to use six separate energy tanks to monitor each DoF of P GM in order to ensure that no activity of one DoF is canceled or "masked" by the dissipation of another DoF. Of course, the separate energy tanks can make the controller more conservative than necessary. The energy tanks T GM,i feature a lower bound of zero and an upper bound
holds. If a tank is within these boundaries its time derivate is given by two ports:
The first one is given by
opt bal ) i covering P GM , which transfers energy from the tank to the controller during the active group motion of the balancing contacts. If the group motion is passive according to the first line of (29), the port refills the tank until it reaches the upper limit T max GM,i . In the latter case the power drained from the controller is dissipated. If the tank reaches the lower limit T GM,i = 0 then the second port
opens and drains the same amount of power from the controller as injected by the first port, such that overall passivity is ensured. Note that the setpoint x c,d is only adjusted according to the second and third line of (29) if the energy level in the tank equals zero. Thus, the initial values of the tanks represent a tuning parameter, which specifies how much energy the controller may inject via α i before the second port β i opens to ensure passivity.
In conclusion, the tank enables full balancing capabilities for a short period of time until the tank is depleted and the robot switches to a "passive mode" by adjusting x c,d . Analogously, one can define an energy tank T RM, j for each DoF involved in the relative motion of the balancing contacts with the limits 0 ≤ T RM,i < T max RM,i . If the tank is within the boundaries, the time derivative of T RM, j is given bẏ
with the ports
Again, the energy is dissipated once the tank reaches the upper limit T max RM, j . If T RM, j reaches zero, the second port δ j opens in order to drain the same amount of power as injected via γ j .
VII. EXPERIMENTAL VALIDATION
The performance of the proposed control framework was verified with three experiments performed with the TOrquecontrolled humanoid RObot (TORO). The robot has a height of 1.74 m and a weight of 76.4 kg [21] , [22] . It features 27 DoF in total (not counting the hands); the 25 joints located in the legs, arms and hip are based on the technology of the DLR-KUKA LBR (Lightweight robot arm), and can be operated in both position and torque control modes. Two additional DoF are located in the neck of the robot using Dynamixel servo motors. Besides the position and torque sensors integrated into the joints based on LBR drives, the robot also has a force-torque sensor at each foot and an IMU in the trunk to measure its orientation, angular velocity, and translational acceleration.
The experiments make use of the feet as balancing end-effectors, while the arms are used as interaction endeffectors. The 25 LBR joints are operated in torque-controlled mode. The two joints in the neck are not used for the experiments. The controller proposed in this work is implemented in MATLAB/Simulink, and uses qpOASES [23] to solve the constraint quadratic optimization problem (8) to (10) . The controller is executed at a rate of 1 kHz. The parametrization of the compliances and the optimization was identical to those used in [11] , unless mentioned otherwise. We also reused the algorithm documented in [11] for estimating the position and orientation of the hip frame, which fuses the signal of the IMU located in the trunk with kinematic information on the legs. The base frame estimation was configured such that the orientation of the hip was provided by the IMU and the translation by the leg kinematics, which corresponds to the assumption of point contacts at the feet. Passivity control was only implemented for the group motion and not for the relative motion, based on the experience of the authors indicating that the activity of the relative motion may be neglected. The advantage of using energy tanks according to Section VI is presented in the second experiment (Section VII-B), while experiments I and III were conducted without energy tanks.
A. Experiment I: Balancing on a Rocker Board
In the first experiment, TORO was positioned with the left foot on a rocker board, as shown in Fig. 1 . The board was flipped interactively by a human in order to induce a vertical motion of the left foot. The right foot remained static on a pedestal and was used to estimate the location of the hip. 5 The recorded data is shown in Fig. 3 . During the first 16 seconds of the experiment, passivity control was manually disabled, which rendered the controller identical to the one presented in [11] . After t = 16 s, passivity control without energy tanks was enabled according to (29) . In both phases the rocker board was flipped twice, which moved the left foot by 5.5 cm. The plots show that the controller tries to maintain the height of the CoM during the first phase (passivity control disabled). The static deviation of 7 mm is due to joint friction. With passivity control enabled, the CoM and the hands maintain their height during the first upward motion of the foot (t = 25 s). This corresponds to the first case in (29), where P GM ≤ 0 with d = 0. In the subsequent downward motion of the foot (active motion), the CoM and the hands are lowered by 2.5 cm and 3.0 cm in order to ensure passivity according to the third line of (29) due to P GM > 0. The next upward foot motion at t = 29 s again corresponds to P GM ≤ 0. This time, the controller uses the power P GM to lift the setpoints of the CoM and the hands back to their initial height according to the second line of (29). Analyzing the transfer of energy q T τ dt between the controller and the robot reveals that the controller injects 11.4 J into the robot if passivity control is disabled. But if passivity control is enabled, the controller drains energy (36.8 J) from the robot during the first flip of the rocker board and dissipates it. The second flip is energy preserving, as the setpoints are moved during the upward and downward motion of the foot. Due to the passive design, the combined system consisting of rocker board, robot, and controller can only store and/or dissipate the energy injected by the human moving the rocker board. As soon as the motion of the board stops, the total energy V tot has an upper bound.
B. Experiment II: Balancing on a Compliant Surface
In the second experiment, TORO balanced on a mattress, as it was shown in [11] . The translation of the hip was estimated by computing the mean values of the kinematics of the right and left legs. Consequently, the foot velocities can only be measured relative to the mattress and not relative to the world frame, but this does not diminish the meaningfulness of the results presented in Fig. 4 . For this experiment, the controller was equipped with energy tanks according to Section VI, which were initialized at 3 J, 0.2 J, and 5 J respectively. During the first 5 seconds, none of the energy tanks reached zero energy, which results in an identical behavior to the controller presented in [11] . After 5 s, the energy tank for the translation in y-direction reaches zero, which results in CoM and CoP moving to the left. Even so, the robot managed to balance for another 20 s. As soon as the tank for the translational x-direction is depleted at t = 25 s, the CoM and CoP begin to move to the front. At the moment the CoP reaches the front edge of the support polygon at 13 cm, the robot shuts down and falls forward. In conclusion, the proposed control scheme is able to ensure passivity by moving the setpoints of the CoM and the hands synchronously with the ground floor. However, this can also have negative effects as the CoM approaches the border of the support polygon. In the presented experiment, the stance of the robot is wide enough to ensure that a motion of the CoM to the side does not pose a problem, in contrast to a motion to the front where the support polygon is rather limited.
C. Experiment III: Balancing on a Mixed Type of Surfaces
The third experiment addresses the statement previously cited that for every active controller there exists an environment, even if it is passive, which can result in an unstable behavior [17] . In order to test such an example, the robot is positioned with only the left foot on the mattress. The right foot is again located on a pedestal and is used for estimating the hip translation. The damping parameters D c , D int , and D RM were set to zero to visualize the effect. As can be seen in Fig. 5 , the robot establishes a periodic motion without passivity control, involving the pitch axis of the left foot and the translation of the CoM in x-direction. The amplitude increases during the first 15 s until a limit cycle with a constant amplitude of 5
• for the foot and 1.3 cm for the CoM is reached. As one can see from the energy transferred via the portq T τ , the controller periodically injects energy into the robot, which is then dissipated by joint friction and damping of the mattress, thus limiting the amplitude of the oscillation. If the same experiment is repeated with passivity control enabled, one can see a slight oscillation in the translation of the CoM combined with a drift of the CoM as we have seen in Section VII-B. Note that the motion of the CoM and the left foot remain relatively small. By analyzing the energy transfer via the portq T τ , one can conclude that the controller does not inject energy into the robot due to passivity control.
VIII. DISCUSSION
The passivity analysis (Section V) indicates that the controller can be operated in two modes: If the setpoints of the CoM and the interaction end-effectors are maintained, the controller becomes active on moving ground floors, which can destabilize the system, as Experiment III showed (Section VII-C). In order to passivate the closed-loop system, the setpoints of the CoM and the interaction end-effectors must be moved such that they match the motion of the ground floor. But a desired motion of the CoM can also lead to problems with the support polygon if the polygon is relatively small (see Section VII-B). The observed drift could be counteracted by a correction term pulling the setpoints back to their initial pose, which corresponds to introducing a negligible amount of power to the system. A compromise between performance and robustness can be found by using the energy tanks discussed in Section VI. These tanks allow the controller to use stored energy to achieve full performance for a limited period of time. Only after the tanks are depleted, passivity is ensured by moving the setpoints. Besides the energy tanks, the controller can also use dissipated energy to move the setpoints back to the initial configuration during phases in which the controller is passive anyway (see Section VII-A). This feature also makes the controller less conservative.
IX. CONCLUSION
This letter extends our previously reported control framework [11] such that the closed-loop system consisting of the controller, the robot, and the ground floor remains passive even if the ground surface is movable and deformable. The importance of this feature has been pointed out previously [17] , as an active controller can be destabilized even by a passive environment. The only assumptions required are that the ground floor itself is passive and that it is stiff enough to support the weight of the robot. Both represent less restrictive assumptions than those usually found in literature. The unique features of the modified controller have been evaluated and discussed with three experiments. The experiments show that passivity control helps to stabilize the system but can also cause other problems, like those with the support polygon. In future extensions of this research, these side effects may be addressed by combining the presented approach with a step recovery strategy.
